Purpose: To investigate the efficacy of non-penetrating femtosecond laser intrastromal astigmatic keratotomy (ISAK) in terms of topographic and refractive changes. Methods: Retrospective study including 42 eyes (35 patients) with a corneal astigmatism between 0.5 and 1.5 D. All eyes underwent femtosecond laser-assisted cataract surgery with ISAK for astigmatism management using the Catalys laser system (Johnson & Johnson Vision). Visual acuity, refraction, as well as corneal topographic and corneal endothelial cell density (ECD) changes were evaluated during a 12-month follow-up. Astigmatic changes were analyzed using the Alpins vector method. Results: A significant reduction in manifest cylinder was observed at 1 month postoperatively (p = 0.03), with no significant changes afterwards (p = 0.90). A total of 38.1%, 52.4% and 59.2% of eyes had a manifest cylinder of 0.50 D or lower preoperatively and at 1 and 12 months after surgery, respectively. A significant reduction was found in topographic astigmatism at 1 month postoperatively (p < 0.01), with an additionally small but statistically significant reduction afterwards (p < 0.01). No significant changes in postoperative uncorrected (p = 0.97) and corrected visual acuities (p = 0.40) were observed during the follow-up. There was a trend to undercorrection of corneal astigmatism that decreased significantly over time. This led to some variability in changes of refractive astigmatism. A small but significant reduction in ECD was observed at 1 month postoperatively (p < 0.01), with no significant changes afterwards. Conclusions: Femtosecond laser assisted ISAK is an effective and safe option to reduce corneal astigmatism during cataract surgery and consequently refractive astigmatism.
Introduction
The use of femtosecond laser in cataract surgery has become a common practice in cataract surgery to perform several steps of the surgical procedure: anterior capsulotomy, lens segmentation, and creation of corneal incisions [1] . It has been demonstrated that femtosecond lasers are able to generate clear corneal incisions (CCI) with minimal associated changes of anterior and posterior corneal topography, and comparable with those of single-plane angled manual incision [2] [3]. Likewise, femtosecond laser incisions have shown to be stable, with minimal change in higher order aberrations (HOA) [4] [5] [6] . Furthermore, the femtosecond laser procedure for performing the corneal incision has been shown to be safe, efficient, and less damaging than the manual technique, as evidenced by lower central endothelial cell loss, lower increase of corneal thickness at the incision site and better tunnel morphology compared to the manual technique [7] .
Besides the creation of astigmatic corneal incisions in cataract surgery, femtosecond lasers have been demonstrated to be useful for the performance of keratotomy in different types of corneas, inducing significant reduction of corneal astigmatism [8] - [19] . Day and Stevens [20] found that corneal biomechanical parameters and the astigmatism meridian were independent predictors of femtosecond laser intrastromal arcuate keratotomy efficacy. The aim of the current study was to further investigate the efficacy of non-penetrating femtosecond laser intrastromal astigmatic keratotomy (ISAK) in patients with a preoperative corneal astigmatism between 0.5 and 1.5 D, not only in terms of topographic changes, but also in terms of visual and refractive changes.
Patients and Methods

Patients
Retrospective data from consecutive patients who underwent femtosecond laserassisted cataract surgery with non-penetrating femtosecond laser intrastromal astigmatic keratotomy (ISAK) for mild to moderate astigmatism management were analyzed. All surgeries were performed by the same experienced surgeon (TL) between September 2014 and June 2015 at the Centre for Ophthalmology Düsseldorf. The study was performed in accordance with the Declaration of Helsinki and approved by the local Ethics Committee. Written consent for data processing was obtained from all patients.
Inclusion and Exclusion Criteria
From 337 patients undergoing femtosecond laser-assisted cataract surgery be- 
Preoperative and Postoperative Examinations
All patients underwent a preoperative examination that included ocular biome- Lens removal was performed with a standard phacoemulsification procedure using the Infiniti ® Vision System (Alcon). A 2.2 mm clear corneal temporal incision and two 1.1 mm side ports were created using a disposable steel keratome.
Statistical Analysis
Statistical analyzes were performed with a commercially available software package (SPSS for Mac, Version 20.0; IBM Corporation, Armonk, NY, USA).
Normality of data samples was evaluated by means of the Kolmogorov-Smirnov test. For the analysis of differences between preoperative and postoperative visits, the Student t test for paired data or the Wilcoxon ranked sum test were used depending if the samples were distributed normally or not, respectively. For all statistical tests, a p-value of less than 0.05 was considered as statistically significant. Cross-checks were performed to exclude bias due to the inclusion of both eyes of some patients.
The Alpins vector analysis method was used for the analysis of the astigmatic changes occurring after surgery [21] [22]. The following vectors were determined and evaluated: targeted induced astigmatism (TIA) as the vector of intended change in cylinder for each treatment, surgically induced astigmatism (SIA) as the vector of the real change achieved and difference vector (DV) as the additional astigmatic change that would enable the initial surgery to achieve its intended target. Additionally, the magnitude of error (ME) (difference between the magnitude of SIA and TIA) and the angle of error (AE) (angle described by the vectors of SIA and TIA) were calculated.
Results
The whole sample included 35 patients that received femtosecond laser-assisted cataract surgery combined with ISAK. and clinical characteristics of the study group. The mean preoperative and postoperative data are summarized in Table 2 . As shown, no significant changes were observed during the follow-up. Table 3 summarizes the outcomes of the vector analysis of changes in manifest and corneal astigmatism. As shown, there was a trend to undercorrection of corneal astigmatism that decreased significantly over time (increase of SIA p < 0.01, decrease of DV p = 0.04, less negative ME p = 0.04). This led to some variability in the changes of refractive astigmatism, with no significant changes in the vector parameters during the follow-up (p ≥ 0.41).
Concerning endothelial cell density (ECD) changes, a small but statistically significant reduction was observed at 1 month postoperatively (p < 0.01). However, no significant changes were found in ECD during the remaining follow-up (p = 0.09).
Discussion
In the current study, we have demonstrated that non-penetrating femtosecond laser-assisted ISAK is effective not only in terms of corneal topographic , but also after refractive surgery [18] or even in post-keratoplasty corneas with high levels of associated astigmatism [9] [10] [14] [15] . Comparable to our study, Löffler et al. [8] have recently reported a reduction of the magnitude of anterior corneal astigmatism in a prospective study enrolling 27 healthy corneas undergoing penetrating femtosecond laser-assisted keratotomy, with minimal effect on the magnitude of posterior corneal astigmatism. Chan et al. [11] The reduction in corneal topographic astigmatism was associated with a reduction in refractive cylinder, as observed in other studies evaluating the effect of femtosecond-assisted ISAK in virgin [13] , post-refractive surgery [18] , and post-keratoplasty corneas [9] [10] [15] . Day and colleagues [13] found in a prospective case series including 196 eyes undergoing femtosecond laser-assisted ISAK that 0% of the eyes had a refractive cylinder of 0.50 D or less preoperatively, with an increase to 32.1% postoperatively. In our sample, better outcomes were obtained, with 38.1% and 52.4% of eyes having a manifest cylinder of 0.50 D or lower preoperatively and at 1 month after surgery, respectively. Possibly, the fact of including astigmatisms of lower magnitude in our series may have accounted for this finding as well as other factors. For example, corneal biomechanical parameters and the astigmatism meridian have been found to be independent predictors of femtosecond laser ISAK efficacy even after adjusting for AK arc length, AK start depth, and preoperative corneal cylinder [20] . Venter et al. [18] found in a sample of 112 eyes with previous refractive surgery that the mean absolute subjective cylinder decreased significantly from 1.20 ± 0.47 D preoperatively to 0.55 ± 0.40 D postoperatively.
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Changes in corneal and refractive astigmatism were also analyzed by vector analysis. This analysis revealed a trend to undercorrection, with a mean DV value of 0.57 ± 0.34 D 3 months postoperatively. This trend has been also reported in previous studies [13] [16] . In our series, this trend to undercorrection was maintained during the 12-month follow-up. Similarly, Day and colleagues [13] found in a group of eyes undergoing ISAK a mean DV of 0.74 ± 0.38 D (range 0.00 to 2.25 D), with a mean corneal astigmatism correction of 63%. It should be considered that although the first corneal surface is the main source of astigmatism in healthy eyes, there are also other sources of astigmatism, such as the posterior corneal surface or the crystalline lens. Therefore, a partial or variable correction of anterior corneal astigmatism may be acceptable. For this reason, we also performed a vector analysis but based on refractive astigmatism. This analysis also showed a trend to undercorrection, but with a higher level of variability, including some cases of predictable correction and some cases of overcorrection. This may be explained by the interaction of internal astigmatism with corneal astigmatic changes. It should be noted that no significant changes in DV, ME and AE were found during the 1-year follow-up, indicating that the refractive change induced by ISAK was stable. Thus, we consider the follow-up of 12 months as an adequate time to state the effectiveness of the ISAK treatment.
Finally, we evaluated the potential induction of endothelial changes with surgery. We obtained a low magnitude reduction in ECD, although statistically significant at 1 month postoperatively, with no additional changes afterwards. This endothelial change may be related to the surgical manipulation and not directly to the performance of the ISAK treatment. Indeed, other studies have reported no significant changes in ECD with femtosecond laser-assisted ISAK alone [19] .
Conclusion
Femtosecond laser assisted ISAK is an effective and safe option to reduce corneal astigmatism during cataract surgery and consequently refractive astigmatism.
This option does not induce a clinically significant corneal endothelial damage.
The impact on refractive astigmatism is dependent on the interaction between internal and anterior corneal astigmatism after surgery.
